Since Staphylococcus aureus delta toxin previously had been shown to increase the cyclic adenosine 3',5'-monophosphate (cAMP) content of guinea pig ileum, the effect of delta toxin on such cAMP-mediated responses as morphogenesis and steroidogenesis in cultured tissue cells was examined. In contrast to cholera toxin, delta toxin did not cause spindling of Chinese hamster ovary cells. Unlike adrenocorticotropin or cholera toxin, delta toxin was unable to cause rounding of Y-1 adrenal cells or to promote steroid production by the cells. S. aureus alpha toxin and enterotoxin B were also unable to cause rounding of Y-1 adrenal cells. Omission of Ca2+ from the media still allowed for increased steroid production by adrenocorticotropin but not by delta toxin. Delta toxin at concentrations greater than 10 ,ug/ml did cause lysis of both Chinese hamster ovary and Y-1 adrenal cells. These findings suggest that the increase in intestinal cAMP levels caused by delta toxin is mediated through a mechanism different from that initiated by cholera toxin.
Since Staphylococcus aureus delta toxin previously had been shown to increase the cyclic adenosine 3',5'-monophosphate (cAMP) content of guinea pig ileum, the effect of delta toxin on such cAMP-mediated responses as morphogenesis and steroidogenesis in cultured tissue cells was examined. In contrast to cholera toxin, delta toxin did not cause spindling of Chinese hamster ovary cells. Unlike adrenocorticotropin or cholera toxin, delta toxin was unable to cause rounding of Y-1 adrenal cells or to promote steroid production by the cells. S. aureus alpha toxin and enterotoxin B were also unable to cause rounding of Y-1 adrenal cells. Omission of Ca2+ from the media still allowed for increased steroid production by adrenocorticotropin but not by delta toxin. Delta toxin at concentrations greater than 10 ,ug/ml did cause lysis of both Chinese hamster ovary and Y-1 adrenal cells. These findings suggest that the increase in intestinal cAMP levels caused by delta toxin is mediated through a mechanism different from that initiated by cholera toxin.
We recently demonstrated the ability of Staphylococcus aureus delta toxin to inhibit water absorption in guinea pig and rabbit ileum (9) , to cause histological damage to ileum at high doses, and in low doses to increase cyclic adenosine 3',5'-monophosphate (cAMP) content in guinea pig ileum and to increase vascular permeability (presumably a cAMP-dependent response) in guinea pig skin (12) . Since changes in Chinese hamster ovary (CHO) cell morphology and Y-1 adrenal cell morphology and steroidogenesis had been related to an elevation of intracellular cAMP content and had proved useful in studying the action of cholera toxin and Escherichia coli heat-labile enterotoxin (3, 4, 7), we decided to examine the effect of delta toxin in these cultured cell systems. Contrary to our expectations, delta toxin did not affect the morphology of CHO or Y-1 adrenal cells or alter steroid production in the latter.
MATERIALS AND METHODS Toxins. S. aureus delta toxin was produced and purified as previously described (8) . In this study the specific activity of the soluble form was 100 50% hemolytic doses per mg, and the specific activity of the insoluble form was approximately 200 50% hemolytic doses per mg.
S. aureus alpha toxin was produced as previously described (8) ing medium alone or medium containing various concentrations of cholera toxin or delta toxin. Each well received an additional 0.1 ml of suspending medium with 2.5% FCS (to give a final concentration of 1% FCS) either immediately or after the plates had been incubated for 30 min, 1 h, or 2 h at 37°C under 95% humidified air and 5% CO2. The time between exposure of cells to delta toxin and addition of FCS was varied to permit different contact periods before possible neutralization of toxin with FCS. The plates were covered and further incubated for 22 to 23.5 h (total incubation time of 24 h). The medium was removed by inversion, and 0.1 ml of methanol was added to all wells. After fixation for 5 min, the methanol was removed and the cells were stained with Giemsa stain for 20 min. One hundred stained cells in the center of each well were counted, and the percentage of spindled cells was determined. The criteria of Guerrant et al. (7) were used to assess spindling. In some cases percent spindling was measured by an observer unaware of the experimental conditions in the wells.
Y-1 adrenal cell morphology assay. A modified version of the Sack and Sack (14) microculture technique for Y-1 adrenal cell morphological assays was used. A cell suspension containing 20,000 cells per ml of maintenance medium (see above) was prepared, and 0.2 ml (4,000 cells) was planted per microplate well. When a monolayer had formed, usually after 1 to 2 days, the medium was discarded by inverting the plate, and the wells were washed twice with serum-free Ham F-10 medium. Again, serum was avoided to prevent possible neutralization of delta toxin. Each well then received 0.2 ml of serumfree Ham F-10 medium containing various concentrations of either cholera toxin, adrenocorticotropin (ACTH) (ACTHAR, Armour Pharmaceuticals), dibutyryl cAMP (Calbiochem), S. aureus soluble or insoluble delta toxin, S. aureus alpha toxin, or S. aureus enterotoxin B. Each sample was run in triplicate. Plates were incubated for 16 to 20 h at 37°C under 95% air and 5% CO2. Cells were observed for rounding after 15 min, 2 h, 6 h, and 16 to 20 h of incubation. In some instances cell morphology was evaluated independently by two investigators. Cytotoxic rounding was distinguished from cAMP-mediated rounding by determining the percentage of rounded cells staining with trypan blue.
The ability of soluble delta toxin to block other cAMP-mediated cell rounding was tested by exposing cells in 0.1 ml of Ham F-10 medium to various concentrations of delta toxin for 1 h followed by exposure to predetermined effective concentrations of dibutyryl cAMP, cholera toxin, or ACTH in 0.1 ml of F-10 medium.
To test the ability of ACTH, cholera toxin, or delta toxin to effect morphological changes in the absence of Ca2+, Jolik-modified Spinner minimal essential medium (Spinner MEM; Grand Island Biological Co.) was used to wash monolayers and dilute toxin or ACTH.
Y-1 adrenal cell steroid assay and protein determination. Monolayers of Y-1 adrenal cells in 25-cm2 Falcon plastic flasks were washed twice in Ham F-10 medium. The cells were then exposed to 2 ml of Ham F-10 medium containing various concentrations of delta toxin or to 2 ml of Ham F-10 medium plus 10% FCS containing either 1 ng of cholera toxin per ml or 10 mU of ACTH per ml. In testing the effect of Ca2+-free medium on steroidogenesis, Spinner MEM was used to wash monolayers and to dilute delta toxin or ACTH. To determine basal steroid levels, flasks without toxin or ACTH in the incubating media were included. Flasks were incubated for 16 to 20 h at 37°C under 95% air and 5% C02, the incubation medium was removed, and the steroids in the medium were estimated fluorometrically by the procedure of Mattingly (11) . The procedure of Wishnow and Feist (15) 1 ng and 100 u of cholera toxin per ml. However, the maximum net percentage of spindled cells averaged only 30% in our studies versus 50% in those of Guerrant et al. (7) . Because of the subjective nature of these morphological interpretations, the high degree of spindling in controls (8 to 15%), and the lack of a conclusive dose-related response to delta toxin by CHO cells, the effect of delta toxin on Y-1 adrenal cells was investigated.
Y-1 adrenal cell morphology assay. treated with cholera toxin and dibutyryl cAMP were still rounded after 24 h, whereas those treated with ACTH had returned to normal by this time. None of these cellular responses could be blocked by pretreatment of cells with noncytotoxic doses of delta toxin (100 pg to 0.1 jug/ml). Since our previous studies on the effect ofdelta toxin on water absorption (9) and cAMP content in guinea pig ileum (12) were done in Ca2+-free Ringer solution, we repeated these studies using a Ca2+-free medium. ACTH-, cholera toxin-, and delta toxin-treated cells, as well as control cells, rounded in Ca2+-free medium, but the rounding was distinct from the cAMP-mediated effect and not associated with cell death. The composition of the medium affected other cellular responses as well. Cells treated with 0.1 ng or more of cholera toxin per ml died in the absence of FCS after 24 h, in contrast to controls which survived without FCS.
Y-1 cell steroidogenesis. Delta toxin had no significant effect on steroidogenesis in Y-1 cells, regardless of toxin dose or cultural conditions used (Table 2 ). In Ham F-10 medium with FCS, both ACTH and cholera toxin caused a significant increase in steroid production expressed as either per flask or per milligram of protein.
ACTH caused a significant increase in steroid yield per flask in a Ca2+-serum-free medium, but the results were not statistically significant on a per-milligram protein basis. Small sample size and a large variance could account for this lack of statistical significance with monolayers in Spinner medium.
Since delta toxin could conceivably stimulate steroid production without necessarily resulting in their release into the medium, the steroid content of NaOH-lysed monolayers was also determined. There was no increase in cellassociated steroids in Y-1 cells treated with 100 jig, 1 ,ug, or 100 ng of delta toxin per ml, as compared with amounts found in untreated cells. DISCUSSION Our previous findings (9, 12) had suggested a possible role for delta toxin in the pathogenesis of staphylococcal enteritis. We had shown that delta toxin inhibited water absorption in rabbit and guinea pig ileum, caused histological damage to guinea pig ileum at high doses, and elevated the cAMP content of guinea pig ileum at low doses. Cholera toxin is known to alter water and ion transport in the ileum by stimulating mucosal adenyl cyclase and thus increasing intracellular cAMP levels. This ability of cholera toxin is also evident by its effects on such cAMP-dependent phenomena as alteration of cell morphology of CHO and Y-1 adrenal cells and stimulated steroidogenesis of Y-1 adrenal cells (3, 7) . We therefore postulated that if delta toxin acted similarly, it might also stimulate extraintestinal adenyl cyclase systems. Indeed, we had previously shown the ability of delta toxin to increase vascular permeability in guinea pig skin, presumably also a cAMP-mediated response (12) .
Our current results, however, suggest that delta toxin is unable to effect the anticipated cAMP-mediated changes in either cell line. At least three explanations for these findings are possible. First, our cultural conditions may have been inadequate for evoking the expected cellular response to delta toxin. Second, receptor sites suitable for stimulation of adenyl cyclase by delta toxin may have been absent from these cells. Third, delta toxin may elevate cAMP levels by a mechanism different from that of cholera toxin. Variation of cultural conditions was tried with both cell systems. The time of addition of FCS to delta toxin-treated CHO cells was delayed for various periods to permit different exposure times to toxin before possible neutralization of unbound toxin by serum, but addition of FCS was necessary because of the inability of the CHO cells to survive for 24 h in a serumfree medium. This concern for serum effects on delta toxin was predicated on the observation that HeLa cell sensitivity to the cytotoxic action of delta toxin decreased in the presence of serum (12) . Nevertheless, in the results reported here, CHO cells did not spindle in the presence of delta toxin under any condition tried.
Untreated Y-1 adrenal cells, on the other hand, were able to survive for 20 h in serumfree media. However, even in a serum-free medium, delta toxin did not promote cell rounding or enhance steroid production by these cells. Since our prior studies with delta toxin on ileum were conducted in Ca2+-free solutions (9, 12) , we also tried omitting Ca2+ from the medium. No conclusion concerning the effect of delta toxin on Y-1 cell morphology could be drawn since all cells, including controls, rounded under these conditions. In the absence of Ca2+, ACTH, but not delta toxin, appeared to cause some stimulation of steroidogenesis.
Failure of Y-1 or CHO cells to respond to delta toxin could also be explained by the absence of proper cell receptors. Wishnow and Feist have shown distinct receptors on Y-1 adrenal cells for ACTH and cholera toxin (15) . Delta toxin in high concentrations was able to lyse both Y-1 adrenal and CHO cells, thus showing an interaction between toxin and cells, but the nature of the toxin-membrane interaction leading to stimulation of adenyl cyclase may be quite different from that culminating in lysis. Evidence for a separate "cell receptor" binding delta toxin in order to increase intracellular cAMP is currently lacking. Although we did attempt to block with delta toxin the receptors for ACTH, dibutyryl cAMP, and cholera toxin, we were not successful. Thus, delta toxin does not appear to bind to the same membrane sites required for ACTH, dibutyryl cAMP, or cholera toxin.
The third possible explanation for the failure of Y-1 adrenal or CHO cells to respond to delta toxin presently seems the most tenable. Delta toxin might promote elevation of guinea pig ileal cAMP in a manner distinct from that of cholera toxin. At least two alternate mechanisms for activation of adenyl cyclase by delta toxin could be proposed. Delta toxin could alter membrane integrity in a manner that ordinarily could lead to cytotoxic events, but that could also indirectly stimulate intestinal adenyl cyclase. Some lines of evidence tend to support this hypothesis. We had previously noted an elevation of cAMP content after death of ileal tissue in the absence of delta toxin (12) . Recently, Salmonella typhimurium was shown to VOL. 16, 1977 on October 26, 2017 by guest http://iai.asm.org/ Downloaded from cause an intense inflammatory response in the gut and stimulate intestinal adenyl cyclase without obvious production of an enterotoxin (6) . A second mechanism for activation of adenyl cyclase by delta toxin could be envisioned. Delta toxin might act directly on the cell membrane, thus causing a primary effect on ion transport. Alterations in ion transport might then affect intracellular cAMP concentration secondarily. This possibility does not appear remote since it is known that changes in intracellular Ca2+ concentrations can influence intracellular cAMP levels (13) . Since water follows net ion transport passively, such a mechanism could account for both the inhibition of water absorption and the delayed increase in cAMP levels observed in ileum treated with delta toxin. Recent studies by us indicate that delta toxin does indeed cause significant changes in intestinal ion transport long before cAMP levels are seen to increase. These findings will be reported in detail elsewhere.
